Down conversion has been applied to minimize thermalization losses in photovoltaic devices. In this study, terbium-doped ZnO (ZnO:Tb 3+ ) thin films were deposited on ITO-coated glass, quartz and silicon substrates using the RF magnetron sputtering technique fitted with a high-purity (99.99%) Tb
Down conversion has been applied to minimize thermalization losses in photovoltaic devices. In this study, terbium-doped ZnO (ZnO:Tb 3+ ) thin films were deposited on ITO-coated glass, quartz and silicon substrates using the RF magnetron sputtering technique fitted with a high-purity (99.99%) Tb
3+
-doped ZnO target (97% ZnO, 3% Tb) for use in organic solar cells as a bi-functional layer. A systematic study of the film crystallization dynamics was carried out through elevated temperature annealing in Ar ambient.
The films were characterized using grazing incidence (XRD), Rutherford backscattering spectrometry (RBS), atomic force microscopy, and UV-visible transmittance and photoluminescence measurements at an excitation wavelength of 244 nm. The tunability of size and bandgap of ZnO:Tb 3+ nanocrystals with annealing exhibited quantum confinement effects, which enabled the control of emission characteristics F 5 ) was also observed from the photoluminescence (PL) spectra. At an inter-band resonance excitation of around 300-400 nm, a typical emission band from Tb 3+ was obtained. The ZnO:Tb 3+ materials grown on ITO-coated glass were then used as bifunctional layers in an organic solar cell based on P3HT:PCBM blend, serving as active layers in an inverted device structure. Energy transfer through down conversion between ZnO and Tb 3+ led to enhanced absorption in P3HT:PCBM in the 300-400 nm range and subsequently augmented J sc of a Tb 3+ -based device by 17%.
Introduction
Rare-earth (RE)-doped semiconductors have attracted signi-cant interest for possible applications in high-power lasers, optical manipulation as visible emitting phosphors in display devices, and other optoelectronic products. 1, 2 This enormous interest for their application potential is due to stable intra-4f shell transitions of rare earth ions, which favor energy transfer from the host semiconductors to dopant RE ions.
3 These transitions are shielded from their local environments by the completely lled 5s 2 and 5p 6 outer orbitals.
Zinc oxide (ZnO) thin lms have continued to attract widespread research interest as transparent conducting oxides (TCOs) due to their high electrical conductivity (2 Â 10 À6 to 2 Â 10 À4 S cm À1 ) 4 and optical transmission (>80% in the UV-visible range). This has been evidenced mainly in n-type ZnO due to the favorable formation energies of Zn 2+ /O 2À defects. Besides, ZnO has a wide and direct band gap (about 3.3 eV at room temperature) with large exciton binding energy (60 meV) and excellent chemical and thermal stabilities; it can be fabricated in a costeffective and simple manner. 5 These properties make it a good candidate for use as a transparent electrode in solar cells. Zinc oxide thin lms can be grown using several methods such as magnetron sputtering, sol gel technique, spray pyrolysis, CVD, and PECVD.
6,7 RF sputtering is usually preferred mainly due to its reproducibility, high deposition rate, low substrate temperature and ability to yield lms with tunable preferred orientation.
8,9
When doped with a rare earth metal, ZnO can be used as a sensitizer to excite rare-earth (RE) ions such as Ce 3+ . This is possible due to its large absorption cross-section and broad excitation spectrum.
10
In this manner, RE can absorb the UV-blue emission from ZnO and emit in the visible or infra-red range, thus enabling this material to serve as an excellent doping host for rare earth ions with an optimal spectrum modifying matrix for diverse solar cells.
The optical properties of RE-doped ZnO usually depend on dopant concentrations and fabrication process as well as the host structure, which is sensitive to the crystal eld energy and spin-orbit coupling. The emission characteristics of the rare earth ions in ZnO are sensitive to the nature of the fabrication process and the size of ZnO nano-crystals as well as their morphology. The morphology and structure of thin lms can be tuned by changing the ad-atom energies and mobility through thermal treatment. Enhancing lm crystallinity during growth due to lattice strains and thermal stresses between the ZnO lm and the substrate is one approach for spectrum modication in these lms.
1
In organic solar cells, ZnO is widely used as a buffer layer since it exhibits low work function, excellent optical transparency, high electron mobility, and ease of fabrication.
11
Combining the positive attributes of ZnO and RE in organic solar cells would therefore result in a good spectrum modifying matrix with dual functionality as an electron transporting layer and as a photon-conversion layer. In addition, the implementation of the buffer layer requires a simple architecture with no losses induced by the space gap between the down converting layer and active layers, which is a feature that is consistently persistent in externally stacked phosphor-based photovoltaic devices.
In this paper, the effects of annealing on the structure, morphology and optical properties of Tb 3+ -doped ZnO thin lms fabricated at room temperature for photovoltaic applications through spectrum modication are reported. All lms have been deposited using RF magnetron sputtering. As a proof of concept, ZnO 
Characterization
The lm morphologies and structures were characterized using Veeco Di-3100 atomic force microscopy (AFM) in the tapping mode. Grazing incidence X-ray diffraction (XRD) measurement of the ZnO:Tb 3+ thin lm was obtained using AXS Bruker D8 Discover, 40 kV, 40 mA using Cu Ka radiation in the Seeman-Bohlin geometry at a low scanning rate of 1.2 per minute at a glancing angle of 1 . The transmittance spectra of the lms deposited onto the quartz substrates were measured using a Cary 500 UV-visible spectrophotometer. Photoluminescence measurements were obtained using a Horiba LabRAM HR spectrometer with a 150 lines per mm grating at an excitation wavelength of 244 nm from a frequency doubled Lexel argon ion laser. Rutherford backscattering spectrometry (RBS) measurements were performed to determine the composition and distribution proles of Tb 3+ ions in the ZnO matrix at room temperature using 4He + particles of energy 1.6
MeV at a backscattering angle of 165 (IBM geometry). The beam current was maintained between 10 and 15 nA during measurements.
Device fabrication and characterization
The photovoltaic devices were fabricated on glass coated with indium tin oxide (ITO), which had been cleaned by sonication using the procedure described in ref. 12 and 13. Thin ZnO or ZnO:Tb 3+ (about 35 nm) lms were grown on the cleaned ITO by RF sputtering using the procedure described in Section 2.2 without annealing. Active layers composed of P3HT:PCBM blended at a ratio of 1 : 1 in chlorobenzene with a total concentration of 20 mg ml À1 were then spin-coated at 2000 rpm for 1 minute to form a lm of thickness of 215 nm. The active layers were subsequently annealed at 80 C for 10 min in an Arlled furnace before spin coating (80 nm) the hole transport layer (PEDOT:PSS). Finally, the Al electrode was thermally evaporated at a pressure of 2 Â 10 À5 Pa. The current densityvoltage (J-V) characteristics were obtained using a HP 4141B source measure unit under 100 mW cm À2 illumination (AM 1.5G). All the measurements were carried out at room temperature under standard conditions. More than 20 devices of pristine ZnO-and ZnO:Tb 3+ -based inverted solar cells each of area 8.4 AE 0.1 mm 2 were fabricated and characterized, and the results exhibited a high degree of repeatability to within 2.5%. Fig. 1 shows the surface topographies of ZnO:Tb 3+ and pristine
Results and discussions

Morphology studies
ZnO lms characterized using Veeco Di3100 AFM in the tapping mode.
The average roughness of the ZnO:Tb 3+ lm surface is shown in Table 1 for all temperature ranges of interest. As the annealing temperature increases, the surface roughness of the lm increases dramatically (from 4.9 nm for the as-deposited ZnO:Tb 3+ lm to 36.9 nm at 900 C).
It is noted that the surface corrugations of ZnO:Tb 3+ lms analyzed from AFM could possibly represent the particle size and could thus be larger than the grain size determined from XRD, as shown in Table 2 . This is plausible since the particle size measured from AFM is the surface morphology of coalesced grains.
14 Furthermore, the geometry obtained from the XRD measurement of the grain size is normal to the surface of the lm and not in plane. Diffusion during annealing also enables the atoms to occupy lattice sites, thereby enhancing lm quality, as seen in the XRD data. The increase in grain height with annealing temperature is an indication of thermally activated diffusion of atoms that coalesce to larger grains in regions with lower activation barriers for self-diffusion. 15, 16 The major grain growth also results in an increase in the surface roughness, as evident by the RMS values. We also note a change in the surface morphology of the lms due to terbium doping since the roughness of the surface increases compared to that of pristine ZnO at room temperature. This may be due to the accumulation of Tb 3+ at the interstitial sites of the ZnO matrix.
The emission of Tb 3+ , as seen in the PL spectra, cannot rule out this possibility.
RBS measurements
An RBS spectrum of ZnO:Tb 3+ thin lm on Si substrate annealed at 700 C is shown in Fig. 2 together with a computer simulation using the XRump code. The experimental spectrum is well reproduced. The structure in the Si spectrum around channels 180, 260, 410 and 470 is due to the nonRutherford scattering cross-section from O, Si, Zn and Tb, respectively. The surface energy positions in the channels of the elements have been shown using arrows. All other samples annealed at different temperatures show insignicant changes in the surface energy position and concentration. exhibited a nearly at yield, suggesting homogeneous distribution of Tb 3+ along the growth direction, which is independent of the annealing temperature. 
Grazing incidence XRD measurements
Fig . 3 shows the grazing incidence XRD patterns of pristine ZnO:Tb 3+ and those obtained aer annealing in the temperature range of 600-900 C in an Ar-lled furnace. It can be observed that the pristine ZnO:Tb 3+ lm is partially crystalline with low intensity of the hkl reex. Annealing leads to preferred orientation of the ZnO reexes. The typical strong diffraction peaks ascribed to hexagonal wurtzite ZnO (JCP2) (card number, 003-0888) are observed without any additional peaks from other oxide phases at elevated temperatures. This is an indication that the lms are of high phase purity and that no diffraction peaks corresponding to Tb 3+ -based compounds or any other impurities are present. The diffraction peaks become gradually stronger up to 800 C, which is an indication of increasing crystallinity. The appearance of reduced peak intensity and dislocation density aer annealing at 900 C may be due to the presence of porosity. 17 The dislocation density (d), dened as the length of dislocation lines per unit volume of the crystal (Williamson and Smallman), and the strain present in the thin lm are also investigated and presented in Table 2 .
FWHM generally decreases as the annealing temperature increases, thus leading to the growth of Tb 3+ -doped ZnO nanocrystals from 5.09 nm without annealing to 6.84 nm upon annealing at 900 C. This is because annealing increases adatom mobility and thus reduces compressive stress and structural defects occurring due to disorder in the pristine ZnO:Tb 3+ lms; this leads to enhanced crystallinity. As the annealing temperature increases, the compressive residual stress is converted gradually to the tensile residual stress in the lms due to the interaction between thermal stress and lattice stress. 18 The small crystallites coalesce to larger crystallites, thus increasing the grain size with the increasing annealing temperature. The competition between the long-range Coulomb attractive and short-range repulsive interactions in ionic nanocrystals creates an effective negative pressure, which can decrease the lattice parameters a and c upon annealing. 19 At low temperature, the difference in the thermal expansion coefficients of ZnO (6.05 and 3.53 Â 10 À6 / C for a 11 and a 33 , respectively, for the hexagonal structure) and Si (2.5 Â 10 À6 / C at room temperature)
causes an increase in the tensile stress generated by silicon when the substrate temperature drops from a high temperature to room temperature; this cancels out the compressive stress of ZnO. However at high temperatures (600-900 C) used here, the tensile stress generated by the substrate overcomes the compressive stress of ZnO, causing a shi of the peaks to high angles, as seen in Fig. 3 . 20 However, the lattice constants a and c showing experimental data and computer simulation using the XRump code. The sample structure and thicknesses of the layers were derived. Fig. 3 Grazing incidence X-ray diffraction of ZnO:Tb 3+ thin films deposited by RF sputtering at room temperature followed by annealing at different temperatures (600-900 C).
increase gradually, thus suggesting that larger Tb 3+ (ionic radius 0.118 nm) 21 substitutes smaller Zn 2+ (the radius of Zn 2+ ion is 0.074 nm). 17 This increase is marginal within the 600-900 C temperature range and indicates that the thermal stress within the lm is independent of the substrate. Fig. 4 shows the optical transmittance of pristine (183 nm) and annealed (190 nm) ZnO:Tb 3+ lms on quartz substrates in the wavelength range of 250-800 nm. The sharp optical transmission edge observed around 380 nm corresponds to the interband transitions of the valence electrons, which is consistent with the laser excitation energy used in the PL measurements.
Optical properties
The contributions of the substrate have been de-convoluted from the transmission spectra through calibration using the substrates as the reference.
The average transmittance for all the deposited lms is between 71% and 92% in the visible part of the spectrum, thus enabling the use of these ZnO:Tb 3+ lms in thin lm solar cell applications. 22 At short wavelengths, a sharp decrease in the transmittance is observed around the absorption edge. The enhanced absorption at 900 C is ascribed to increased crystallinity, leading to a decrease in the extinction coefficient as structural defects are minimized with the increasing temperature, thus reducing the absorption coefficient. 23 To correlate the effect of temperature and grain size with the optical properties of ZnO:Tb 3+ thin lms, the absorption coefficient (a) and the band gap (E g ) were determined from Tauc's formalism for direct and indirect transitions in the form
where A is a constant, h is the Plank's constant and p is an exponent that is dependent on the nature of the allowed or forbidden electronic transitions. Thus, for allowed direct transition, p ¼ 1/2, whereas p ¼ 3/2 describes the case for forbidden direct transition; p ¼ 2 indicates indirect allowed transition, and p ¼ 3 indicates indirect forbidden transitions. Since ZnO:Tb 3+ is a direct band gap semiconductor with a hexagonal wurtzite crystal structure, as conrmed in the XRD measurements, p ¼ 1/2. [24] [25] [26] hn is the photon energy expressed in eV, whereas a is the absorption coefficient, and a is calculated using the relation
where T is the optical transmittance and d is the thickness of ZnO:Tb 3+ lms.
The optical band gaps of the lms annealed at various temperatures were obtained by plotting (ahn) 2 as a function of photon energy (hn). The values of the direct energy gap, E g , were derived from the intercept of the extrapolation to zero absorption with the photon energy axis, as shown in Fig. 5 . The nonzero absorbance below the energy cut-off for the pristine lm was ascribed to phonon contributions associated with structural defects or trap states arising from a partially crystalline pristine ZnO:Tb 3+ lm.
The sharpness of the absorption edge is found to be maximum at an annealing temperature of 800 C; beyond this temperature, it broadens. The change in the optical band gap is comparatively small, but a minimum is seen at 900 C. The estimated band gap values for all the samples are summarized in the inset gure in Fig. 5 . These values are within the range reported for lms and single crystal [27] [28] [29] and are also in agreement with band gap approximation obtained from the PL results. corresponding to a band-to-band emission of ZnO. This emission is due to the recombination of the excitons of granular ZnO through an exciton-exciton collision process, corresponding to near band edge (NBE) emission of ZnO;
Photoluminescence studies
30 its intensity increases with the increasing annealing temperature, which is an indication of the enhanced lm crystallinity necessary for effective charge transfer (grain size commensurate to the mean free path of the electrons) in solar cell applications. This is due to the decrease in non-radiative defects and the increase in ZnO grain size.
1 At 900 C, this peak shows reduced peak intensity. A plausible reason is that the decrease in the length of the c-axis of ZnO lms annealed at higher temperature may induce an acute lattice distortion, which can signicantly increase the polarizability in the ZnO:Tb 3+ matrix, thus affecting the optical properties of ZnO:Tb 3+ lms and quenching the PL efficiency. 31 This is in agreement with XRD ndings. This decrease in the emission of ZnO or the inter-band transitions can also be ascribed to some of the excited electrons being transferred to the energy levels associated with oxygen vacancies, whereas others are transferred to the energy levels of Tb 3 . The broad emissions between 400 and 500 nm are due to deep level defect emissions, arising from the recombination between Zn i and the valence band level. 32 ZnO has six kinds of defects classied as vacancies, interstitials and antisites, and their emission intensities can be inuenced by the defect concentration and defect-defect interactions, which vary with the annealing temperature.
The sharp peak at 543 nm is related to emission from Tb 3+ ions. Here, the electric dipole (ED) transitions between the 4f states in the free Tb 3+ ions are parity forbidden. However the ED transitions are partially allowed, but they have weak intensity when Tb 3+ ions occupy interstitial or lattice sites in ZnO, which is a condensed matter, and a large absorption transition probability arises from its direct band gap nature. 32, 33 Hence, according to Bylander et al., 34 the majority of excited charge carriers trapped at Tb 3+ centers originate from band gap absorption in the ZnO matrix, and a marginal fraction of these electrons are due to the 4f-4f absorption transition within the Tb 3+ ions. Table 3 shows the peak centroid and the corresponding full width at half maximum (FWHM) for the near band edge peak as well as for the broad band peak, whereas Fig. 8 shows an elaborate schematic band diagram for these proposed emissions. The shi of the peak center with annealing temperature, shown in Table 3 , can be due to the relaxation of the built-in strain in ZnO:Tb 3+ thin lms.
The efficiency of the energy transfer from the host ZnO to rare earth ions such as Tb 3+ is usually low due to the large mismatch in the ionic radii and the valence states of Zn 2+ (74 pm) and rare earth ions such as Tb 3+ (118 pm). Furthermore, the location of the rare earth ions in the host also determines the efficiency of the energy transfer; thus, generally, rare earth ions can occupy two different sites in the hosts, namely, (i) the substitution sites of Zn 2+ in the ZnO lattice or (ii) the ZnO grain boundaries. The location of Tb 3+ on the surface or grain boundaries can be ruled out from the RBS data, which consistently show a relatively homogeneous distribution of Tb 3+ in the ZnO thin lm. The distinction of surface and bulk emissions can thus be resolved qualitatively using the RBT proles of the RE and the lm constituent atoms. Fig. 7 shows a schematic diagram of the energy levels in the ZnO:Tb 3+ thin lms.
All samples show defect-related emissions with a major green emission peak at 543 nm and a few oscillations due to the emissions of Tb 3+ , which occur at 492, 543, 595, 624, 543 and 34 With excitation at 244 nm, charge carriers are pumped from the valence band to the conduction band leaving a hole in the VB and an electron in the CB, which can radiatively recombine to give UV emission; this is generally assigned to the near band edge emission (377 nm) from ZnO, which is shown in Fig. 7 . Fig. 8 represents the UV-visible absorption spectra of active layer (P3HT:PCBM), ZnO/P3HT:PCBM and ZnO:Tb 3+ /P3HT:PCBM lms used in device fabrication. The lms were used without annealing to avoid soening of the glass as well as deterioration of the electrical properties of the ITO lm.
I-V characteristics
ZnO and ZnO:Tb 3+ thin lms grown by RF sputtering on ITOcoated glass substrates were used as both electron transport and spectral conversion layers. According to the absorption measurements, shown in the inset in Fig. 8 , there was an increase in absorption in the ultraviolet region from 300 to 400 nm with the introduction of a layer of ZnO thin lm before the P3HT:PCBM blend thin lm, which further enhanced upon doping with Tb 3+ , leading to an increase in the number of photo-generated photons in the visible region converted from the UV region. The down-conversion process altered the UV properties of the solar cell under the solar emission spectrum, enabling the absorption of photons in the UV range and re-emission at longer wavelengths in the visible region, where the organic solar cell exhibited a considerably better response. The increase in light absorption with the ZnO thin lm compared to that for the lm with the P3HT:PCBM blend alone may be an indication that the emission is in resonance with the P3HT electronic structure since exciton generation occurred through p / p* interaction in P3HT.
Conclusion
Polycrystalline ZnO:Tb 3+ thin lms with high orientation were deposited on Si, quartz and ITO-coated glass substrates by the RF magnetron sputtering technique. The lms showed excellent transparency and conductivity, which are required for solar cell applications. X-ray diffraction (XRD), atomic force microscopy (AFM) and the photoluminescence (PL) were employed to analyze the inuence of post-deposition annealing treatments on the structural properties of the ZnO:Tb 3+ thin lms. The lms showed an increasing roughness and grain size of ZnO:Tb 3+ with annealing temperatures between 600 and 900 C and a shi in the diffraction peak position. As a proof of concept, hybrid OPV devices based on the P3HT:PCBM blend were fabricated. The incorporation of ZnO and ZnO:Tb 3+ thin lms resulted in an increase in absorption within the 300-400 nm wavelength range. The high absorption obtained when ZnO:Tb 3+ was used showed that the lms can be effectively used as a buffer layer and down-conversion layer, which resulted in enhancement in the OPV device performance.
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